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ABSTRACT

CONTROL OF FERROELECTRCITY IN ATIO3 (A= BA, AND SR) BY
ISOELECTRONIC TI-SITE SUBSTITUTIONS

Saber Alfurhud, MS
Department of Physics
Northern Illinois University, 2018
Prof. Bogdan Dabrowski, Director

This thesis presents the results of investigation of structural and ferroelectric
changes when the (Ba,Sr)TiO3 systems are substituted by the smaller size elements
into the Ti-site, while controlling the tolerance factor value and temperature. Several
chemical compositions and methods were utilized to synthesize the substituted
materials at 10% level. Oxidation and reduction reactions were employed through
annealing materials at wide range of temperatures and atmospheres to achieve
perovskite phase. X-ray diffraction (XRD) was conducted to analyze the structure of
the samples after each annealing. Temperature-dependent XRD was performed to
determine the structural and associated ferroelectric phase transition temperatures for
selected materials in collaboration at APS synchrotron at Argonne National
Laboratory.
The isoelectronic substitutions of BaTi0.9M0.1O3 with smaller size cations M
= Ge4+, Mn4+, and Fe4+ were attempted based on the hypothesis that the
enhancements of Curie temperature can be achieved with the increase of tolerance
factor. This prediction was successfully demonstrated for Ge and Mn while it was
not possible to synthesize the Fe substituted material.

The analogous substitutions of SrTi0.9M0.1O3 where M = Al3+V5+, Ge4+, and
Mn4+ were attempted to remove ferro-distortive structural transition at 105 K and
induce ferroelectricity by increasing the tolerance factor value. These single-phase
materials were achieved, however; only cubic Pm-3m was observed at room
temperature. The low-temperature XRD experiments done for SrTi0.9Ge0.1O3 and
SrTi0.9Mn0.1O3 by collaborators showed cubic structure down to 4 K. Therefore, the
ferroelectric phase was not achieved, but the ferro-distortive phase was most
probably removed in agreement with tolerance factor rule.
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CHAPTER 1
INTRODUCTION

Ferroelectrics, many of which are ionic and insulating ceramics, are a group
of dielectrics capable of spontaneous polarization, i.e., preservation of the electric
dipole even after the applied electric field has been removed. A valuable
characteristic of ferroelectrics, which is used in electrical and electronic industries, is
that they change the direction of polarization when the direction of electric field
changes, as it is described by the polarization versus electric field hysteresis loop.
Several ferroelectrics have the perovskite structure (ABO3), the group of oxides
exhibiting a wide range of magnetic, thermoelectric, conducting, optical and other
physical properties that depend on the sizes, charges and electronic configurations of
the A and B ions. One classical ferroelectric material is the perovskite barium
titanate (Ba2+Ti4+O32-), which has been investigated for over 70 years due to the
unusual structural shifts of the Ti and oxygen ions in opposite directions causing
development of electric dipoles. Similar perovskite strontium titanate (Sr2+Ti4+O32-)
is not ferroelectric because the competing, typical for perovskites, structural
rotations of the TiO6 units suppress the electric dipoles. The theoretical description
of properties of both these titanates involve very complex quantum mechanical ideas
and calculations.
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This thesis develops a simple model for the presence of ionic displacements
of the Ti and oxygen, which are the origin of the “displacive type” of ferroelectricity.
The model assumes that the cause of displacement of the Ti ions from the
centrosymmetric position along the O-Ti-O bond is the tension exerted on the bond
due to the unfavorable sizes RA, RB and RO of the A, B and oxygen ions,
respectively, as described by condition of the tolerance factor, τ = (RA + RO) / √ 2(RB
+ RO) > 1. By using the available literature data of τ for the A- and B-site substituted
BaTiO3, and by designing new compounds, I demonstrate that the model correctly
describes known suppression of the ferroelectric transition TC when τ decreases, as
well as it predicts enhancement of TC when τ increases for newly achieved
compositions. Even though I have accomplished similar increases of τ for SrTiO3
(known to produce ferroelectricity for substitution of Ba, RBa > RSr), I was not able to
clearly demonstrate the suppression of the typical structural distortions and the
induction of the ferroelectricity because these effects were very difficult to detect due
the small size of distortions, which are present at low temperatures.

1.1 Historical Background of Ferroelectricity
Since early 1920’s, ferroelectrics have attracted the attention of many
industrial research studies due to their high dielectric constant and low loss
characteristics. These two properties of ceramic materials have led to developing
ferroelectrics into capacitors since large polarization allows the material to become a
storage device of large electrical charge in capacitors. Despite their useful properties
the origin of ferroelectricity was not fully understood until BaTiO3 was discovered
and studied in the mid-1940’s.
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Switchable polarization by electric field at room temperature has gained
ferroelectric perovskites a great industrial importance for being useful materials in
many technological applications [1]. Among the many properties of some
ferroelectric materials is the ability to create a voltage when they are heated or being
subject to strain. As a result, ferroelectrics are used in devices such as non-volatile
memory, thermal detectors, piezoelectric applicators, and energy harvesters [1] [2]
[3]. Thus, ferroelectrics are utilized in technological industries to produce the energy
and multilayer capacitors, sensors, and actuators [4] [5] [6], in addition to the
most recent applications of electro-optics, micropositioners, ink jet printers, fuel
injectors, and high-speed valves for automotive applications, sonar devices,
as well as ultrasound sensors [5] [6] [7]. New applications could be developed if
better and, in particular, purposely designed ferroelectric materials would have been
discovered.

1.1.1 Ferroelectricity
Ferroelectricity was discovered in 1921 [8] [9]. The prefix ‘ferro’ is from the
Latin word ‘ferrum’, which means iron. Although ferroelectrics do not contain iron,
this prefix is used in relationship to similarities between ferroelectrics and
ferromagnetic properties of iron. Ferroelectrics are a subgroup of pyroelectrics
that preserve their polarization even after an applied electric field has been
removed [8]. However, the reversal of dipole is only permitted if the crystal is noncentric and contains alternate atom positions or molecular orientations. If not,
polarization cannot be retained once the electric field is removed [8]. All
ferroelectrics have a specific temperature, the Curie temperature, TC at which
spontaneous polarization changes. When temperatures are higher than TC, the
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electrical polarization of materials is suppressed and the phase is called paraelectric
[5]. Below TC, the crystal is spontaneously polarized and this crystallographic phase
is called ferroelectric [2]. The TC can be lower than liquid nitrogen temperature or
higher than 1000 oC for different materials. Finally, ferroelectrics differ from
piezoelectrics, which have ability of certain crystalline materials to develop an
electrical charge proportional to a mechanical force whether it was compression or
tension [8]. Thus, all ferroelectrics are piezoelectric, but not all piezoelectric are
ferroelectric materials [8].

1.2 The Ferroelectric Oxides
Oxide materials which contain oxygen ion in its crystal structure constitute
large class of ferroelectrics. Among them, many have a relatively simple crystal
structure, the perovskite, which is the topic of my investigation and will be described
in detail in the following chapters. In particular, I focused my work on the first
discovered ferroelectric BaTiO3 and on SrTiO3, which is on a verge of ferroelectric
transition and has high dielectric constant below room temperature.

1.2.1 Perovskite Oxide Family ABO3
The ABX3 perovskite structure shown on Figure (1.1 A, B) can accommodate
a wide variety of elements from the periodic table on the A-site, B-site, and X-site,
incorporating nearly every member of the periodic table (Table 1.1). The structure
consists of a corner-connected BX6 octahedra, with the A-site cations filling the
intersections and forming the AX12 cuboctahedra. The cations and anions are chosen
in such ratios that the overall charge neutrality is satisfied. These materials can
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support also mixtures of several different elements on all crystal sites, which is
called substitution when made in purpose. It is worth noting here that despite the fact
that most structures of perovskites are oxides (X = O), there are other perovskites that
are not oxides. For example, halides (X = F, Cl, Br, I), sulfides (X = S), nitrides (X =
N), and organics (X = CH3NH3) are different perovskites with multi-anion
chemistries [10].
The structures and chemistry of the perovskite family have been the focus
of extensive study over many years because the A- and B-site substitutions can be
used to modify properties; for example, the electrical properties of BaTiO3. The
electronic character of mixed valent elements allows presence of oxygen vacancies
when perovskites are processed at high temperatures or under reducing conditions
such as vacuum, inert gas (Ar, N2) and reactive gas (H2, CO). Also, vacancies can be
created as a result of the heteroelectronic doping at the A and B sites [2] [10] [11].
The isoelectronic substitutions, for example, the B4+-site substitution in BaTiO3 can
help change both the permittivity and the phase transition temperatures of the
compound. Similarly, the A-site doping can be used to control TC as well as
structural transition temperatures, such as the tetragonal to orthorhombic transition
[2] [11].
Both BaTiO3 and SrTiO3 are insulating A2+B4+O32- perovskites because all
cations are fixed valent and there are no free charges, which is a necessary condition
for absence of screening of ferroelectric dipole moments. To preserve this property
and modify ferroelectricty they must be substituted by isovalent dopants on either
the A- and B-sites. Typically, the A-site substitution is done to alter the TC. Alkaline
earth metals such as Ca2+, Ba2+, and Sr2+ or similarly sized post-transition metals like
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Pb2+ are among the most common substitutions [11]. In my research, I focused on
novel B-site substitutions.

Table 1.1
The ABX3 perovskite family can accommodate a wide variety of elements from the
periodic table on the A-site (red), B-site (beige), and X-site (blue) [10].

Figure 1.1 A: Perfect perovskite cubic
structure where A site (Red balls) at the
corners of unit cell, B site (Yellow ball) at
the center of the cell that is equally sharing
the oxygen octahedral (Blue balls).

Figure 1.1 B: Displacive-type tetragonal
perovskite structure where A site (Red balls)
at the corners of unit cell, B site (Yellow
ball) is centered off and has not sharing
equally in bond length with O6 (Blue balls).
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1.2.2 Barium Titanate (BaTiO3)
BaTiO3 was discovered in 1944 when the United States needed a dielectric
material to replace a previously used material mica, which used to come from South
America. Unfortunately, during World War II the enemy warships started to target
the cargos of mica, so supplies become rare while the need for dielectric materials
increased for capacitors industry [8]. As a result, new materials with enhanced
dielectric permittivity, the mixed oxides, were developed by electrical companies.
Then, the Erie Resistor Company managed to produce BaTiO3 material with
dielectric constant exceeding 1000, ten times greater than any other ceramic known
at that time, such as TiO2 (εr = 110) [8].
BaTiO3 exists in five different crystal structures: hexagonal, cubic,
tetragonal, orthorhombic, and rhombohedral. The hexagonal (non-perovskite) and
cubic structures are paraelectric while the tetragonal, orthorhombic and the
rhombohedra forms are ferroelectric in nature [2] [6]. The ferroelectric phase at
room temperature is tetragonal with oxygen and titanium ions shifting from cubic
structure positions to produce a spontaneous polarization (Figure 1.1B).
Comprehensive research showed that BaTiO3 has a series of ferroelectricferroelectric transitions as follow: cubic (Pm3m) →tetragonal (P4mm), at 120 ˚C
(393 K)

→orthorhombic (Bmm2), at 5 ˚C (278 K) and orthorhombic to

rhombohedral (R3m), at –90 ˚C (183 K) [6] [12], see Figure 1.2.
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Figure 1.2: Phase transitions in BaTiO3 system [2].

1.2.3 Strontium Titanate (SrTiO3)
Strontium titanate SrTiO3 has the cubic perovskite Pm3m structure at
room temperature, and it does not undergo a ferroelectric phase transition [5].
Instead, when cooled below 105 K, it undergoes a antiferrodistortive structural
transition [1] to I4/mcm tetragonal phase, which is typical to many perovskites [13].
In the tetragonal phase, the almost perfect TiO6 octahedra rotate instead of relative
shifting of the Ti and oxygen positions as observed in BaTiO3. SrTiO3 has dielectric
properties, which are similar to properties of the paraelectric phase of BaTiO3 just
above cubic to tetragonal transition [5]. In materials such as SrTiO3 and
BaTiO3 there are

soft diagonal and tilting optical modes approaching zero

when the temperature is decreased. The result is an increase of the material’s
permittivity of SrTiO3 and BaTiO3 as the materials are cooled. While these modes
go to zero for BaTiO3 at ferroelectric cubic to tetragonal transition, they only
approach zero for SrTiO3 and the extrapolated Curie temperature is near 40 K.
However, when the temperatures are lowered, the material permittivity below 30
K remains roughly constant [5].
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1.3 The Tolerance Factor
The tolerance factor (τ) was first suggested by Megaw to determine the
geometrical stability of the perovskite phase and its structural distortions for a given
set of anions and cations ionic sizes. The tolerance factor and the perovskite cell
parameters are two important indicators related to the symmetry of perovskites that
significantly affect dielectric properties. In the perovskite structure, the A cations are
coordinated with 12 oxygen ions and the B cations with six oxygen ions. When the
value of τ is close to 1, the cubic perovskite phase will be formed; if τ is very far
from 1, the perovskite phase will not be formed.

1.3.1 The Ionic Size Effect
The criteria for the stability of the perovskite structures were first
introduced in 1926 when Goldsmith empirically studied perovskite structure and the
ionic radii of the component atoms. These criteria determine the ionic radii of the
structure atoms by means two requirements: (i) a cation will only be surrounded by
as many anions as can touch it and (ii) all anions must touch the cations and the
anion-cation distance is the sum of their ionic radii [1]. Eventually, the ionic lattice
parameter of the structure is determined by both the size of the oxygen cage and the
location of the A atoms fitting between the oxygen anions. Ideally, this leads to the
following relationship between ionic radii:
(RA + RO) = √ 2(RB + RO),

(1.1)

where RA is the ionic radii of the A-site cation, RB is the ionic radii of the B-site
cation, and RO is the ionic radii of the oxygen [1].
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Since this is an ideal relationship, that condition is generally not met.
Therefore, a tolerance factor τ can serve as a geometrical measure of the deviation
from this ideal value:
τ = (RA + RO) / √ 2(RB + RO).

(1.2)

1.3.2 The Relation of τ to Structural Distortions
The prediction of the formation of the undistorted cubic phase depends
largely on the τ value being close to 1. Ferroelectricity is observed when predicted τ
> 1; i.e., the B atom is too small for the (RA + RO) such that the (RB + RO) bond is
under tension, ultimately causing the B atom displacement from the bond center,
causing a polar distortion. An example of such displacement occurs in BaTiO3
structures and is called improper ferroelectricity. On the contrary, if τ < 1, the A-site
atoms are too small for the spaces between oxygen atoms and B-site ions, and a
distortion of the oxygen BO6 octahedron occurs causing the material to displace the
A-site ion, which does not result in ferroelectricity [10]. The Table 1.2 (Shannon's)
lists exemplary sizes of the A- and B-side ions dependent on the charge state and the
coordination that are often used to compute τ.
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Table 1.2
Exemplary part of Shannon’s table: Effective ionic radii; CR crystal radius, IR
effective ionic radius, R from r3 versus V plots, C calculated, E estimated doubtful,
most reliable, M from metallic oxides [14] .

It should be pointed out that the tolerance factor values calculated using
Shannon’s table are only the estimates useful at room temperature. The more reliable
values can be obtained from structural studies by using neutron diffraction, which
determines bond lengths (RA + RO) and (RB + RO) with very high precision;
however, the experiments can measure only τ ≤ 1 due to the geometrical constraints
of the perovskite structure. The temperature-dependent studies have shown that both
bond lengths (RA + RO) and (RB + RO) increase with temperature, and the resulting
tolerance factor is an increasing function of temperature up to 1 when cubic structure
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appears, while the estimated τ would continue to increase with temperature. Thus,
the structural stability and the structural distortions leading to the ferroelectric (τ > 1)
and ferrodistortive (τ < 1) properties are temperature dependent in addition to the
perovskite chemical composition controlling the ionic sizes. Therefore, as estimated
τ continues to increase up to the synthesis temperature, the stability of the perovskite
phase decreases and eventually other structures predominate. Thus, a perovskite
structure will transform to hexagonal structure when the expected tolerance factor
values are between τ > 1.00 and τ < 1.13. Based on the tolerance factor, the structure
will remain cubic on cooling as long as τ = 1 and transforms to lower symmetry with
octahedral rotations of BO6 units when τ < 1. [15] [16] [17].

Figure 1.3: The observed relationships between ionic sizes of A2+B4+O3 [13].
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1.4 Curie Temperature and the Hysteresis Loop
As Figure 1.2 shows, the structures and electric dipole moment directions
of BaTiO3 depend strongly on temperature [3] [5]. They also have abnormally
high dielectric constants, especially near the Curie temperatures [12]. The
dielectric constant increases very rapidly on cooling to a very high peak value at TC.
When T > TC, anomalous behavior follows closely the Curie-Weiss relation:

εr =

,

(1-3)

where C is known as the Curie constant. In fact, Curie-Weiss behavior always
appears near any transition point between two different ferroelectric phases when the
temperature is below TC [12]. Typically, every sample contains small regions with
different orientation of the ferroelectric polarization vector, called ferroelectric
domains [18]. Figure 1.4 shows a schematic diagram of a hysteresis loop in
ferroelectrics at constant temperature. This diagram displays the points (A, B, C, D,
E, F, G, H, and K), which represent the change of oriented polarization (P) in
relation to an external field (F). At starting point (portion OA), the relationship of P
and F is almost linear due to insufficient strength of applied field to align the
domain. On the other hand, as the field gets higher, the polarization increases
nonlinearly because all domains start to orient in the direction of the field, as shown
in portion AB in the diagram. When the field reaches highest point, polarization will
reach a state of saturation, in which most domains are aligned toward field direction
[12].
By contrast, when the field is brought gradually to zero, the spontaneous
polarization will follow down the opposite path CBD and decrease. By inducing the
linear portion CB to the polarization axis (or zero-field axis) at E, there will be a
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spontaneous polarization Ps represented by the portion OE and a remnant
polarization Pr represented by OD [12]. The linear increase in polarization from Ps to
Pp is mainly due to the normal field-induced dielectric polarization. Consequently,
this difference will result in Pr being smaller than Ps. However, in most ferroelectric
materials, the difference between Pr and Ps due to the normal field-induced dielectric
polarization is very small compared to the spontaneous polarization; therefore, for
most applications, this component can be ignored [12].

Figure 1.4: Schematic diagram of a typical ferroelectric hysteresis [12].
1.5 Ferroelectric and Ferromagnetic Perovskites
One of perovskite properties is that they have the ability to make complex
ternary oxides, which show ferroelectric behavior. Some of these materials consist of
B-site transition metal ions (e.g. Ti4+, Ta5+, W6+, etc.), which have empty 3 and 4 d
orbitals, known as the d0 electronic configuration. Current models of ferroelectricity
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show that transition metal ions that have empty d orbitals form strong covalent
bonds with oxygen p orbitals surrounding them. When transition metal ions shift
from the center of oxygen octrahedra toward a certain oxygen atom, the covalent
bond forms causing the other oxygen bonds to become weaker. This shifting of
transition metal ions induces ferroelectric polarization.
The magnetic spin polarization is different from the ferroelectricity in that it
has an opposite requirement of partially filled d orbital of transition metal, see Figure
1.5 [19]. These orbitals are filled up with the core electrons at various levels
dependent on the transition element oxidation state. For example, Mn4+(d3) will have
3 electrons left filling electronic orbitals dyz, dxz, and dxy with one spin aligned
electron to minimize electric charge repulsion (Hund’s rule).

Figure 1.5: Shapes of d orbitals of the B-site transition metals in 3 dimensions [20].
However, some single-phase materials, for example, BiFeO3 and BiMnO3,
can show simultaneous ferroelectric or magnetic polarization whether their d orbital is
filled or empty, e.g., Fe3+(d5) and Mn3+(d4) cations [19]. Therefore, these two
examples appear to violate the d0 requirement for ferroelectricity. However, this
effect is due to the existence of two separate perovskite sublattices, ferroelectric
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Bi3+-O and magnetic Fe-O or Mn-O [19], that are uncoupled; i.e., a change
of ferroelectric state does not affect the magnetic state of material and vice versa.

1.6 Goal of This Study
The value of tolerance factor could be affected by the size of substituting
element into the Ti-site. This effect in BaTiO3 can be classified into two cases: 1)
When the Ti-site is substituted by an isoelectric element that has RSubstituted element >
RTi such as Zr4+, Hf4+, and Sn4+, the value of τ would decrease, which leads to a
decrease of the ferroelectric transition temperature from cubic to tetragonal structure.
2) Another case, which is the purpose of this study, is to increase the value of τ by
substituting an isoelectric element that has RSubstituted element < RTi such as (Al3+V5+,
Fe4+, Mn4+, and Ge4+) into Ti-site. The model I used assumes that the displacement
of the Ti ions from the centrosymmetric position along the O-Ti-O bond and the TC
would increase when the tolerance factor increases due to increased tension exerted
on the bond.
The inverse suppression of TC by decreasing τ has already been observed as
shown on Fig. 1.6 for isoelectronic substitutions on the Ba site with the smaller ion
Sr.

Figure 1.6: Ferroelectric transition temperatures for Sr substituted BaTiO3 [21].
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In Figure 1.6, all phase transitions (TC/T), (TT/O), and (TO/R) are shown to
decrease due to the substitution of a smaller ion Sr into Ba-site. In other words, τ
would be decreased either by substituting an element that has RSubstituted element < RBa
into Ba-site or by substituting element that has RSubstituted element > RTi into Ti-site. On
the contrary, τ can be increased either by substituting element that has RSubstituted
element

> RBa into Ba-site (unfortunately, there are no stable elements like that present

in the periodic table; Ra2+ is highly radioactive) or substituting an element that
has RSubstituted element < RTi into Ti-site, which is my work.
As shown in the next chapters, I will demonstrate that the model correctly
predicts enhancement of TC when τ increases for newly achieved substituted
compositions of Mn4+, and Ge4+ in Ti. I demonstrate for the first time the hypothesis
that TC increases are due to increased tolerance factor has predictive power. This
thesis is an investigation of structural and ferroelectric changes when the smaller size
elements are substituted into Ti-site for (Ba,Sr)TiO3 materials through controlling the
values of tolerance factor and temperature throughout the experiments.

CHAPTER 2
EXPERIMENTAL METHODOLOGY

This chapter describes the materials and methods used in the lab as required for
the attempted study. The starting step was to design new materials that would
demonstrate the predictive power of our model for the tolerance-factor-induced
tension on the Ti-O bonds causing ferroelectric distortion. The next step was to
select chemical elements, which would substitute for BaTiO3 and SrTiO3 for which
the perovskite structure would be retained at the synthesis conditions. These
structures were estimated by calculating the expected values of tolerance factor in
terms of the bond lengths of compounds by including the effect of temperature.
Several synthesis conditions were used to obtain the required compositions. After
each synthesis and annealing process, the structures of the samples were analyzed by
using XRD. Finally, once the single phase of the sample was formed, samples were
sent to collaborators for further structural and physical properties measurements.

2.1 Designing Materials
The increase of tolerance factor of Ba2+Ti4+O3 could be accomplished by
isoelectronic substitution of a larger ion for Ba2+ or a smaller ion for Ti4+. Since
there are no available stable 2+ ions larger than Ba, the only other option was to
search for smaller 4+ ions than Ti. Similar smaller 4+ ions would have to be used
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also for Sr2+Ti4+O3 because the (Ba,Sr)TiO3 system have been already extensively
studied where the increase of τ is accomplished by substitution of Ba, Fig. 1.6.

2.2 Selecting the Chemical Elements
The B site could be substituted by any element that has the coordination
number VI, the proper ionic size (about R(Ti) = 0.60Å ± 20%), and has stable 4+
oxidation state. Several such elements are listed in Shannon’s table [14]. Table
2.1 shows all possible elements extracted from Shannon’s table that could be
substituted at B site with the 4+ oxidation state.
Table 2.1
All possible elements that could be substituted at B4+ site. The EC, CN and R(Å) are
Electron Configuration, Coordination Number, Effective Ionic Radius respectively
[14].
Ion

Oxidation State

EC

CN

R(Å)

Am
Bk
C
Ce
Cf
Cm
Co
Cr
Fe
Ge
Hf
Ir
Mn
Md
Nb
Ni
Np
Os
Pa
Pb
Pd

4+
4+
4+
4+
4+
4+
4+
4+
4+
4+
4+
4+
4+
4+
4+
4+
4+
4+
4+
4+
4+

5f
5f
1s
5p
5f
5f
3d
3d
3d
3d
4f
5d
3d
4d
4d
3d
5f
5d
6d
5d
4d

VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI

0.85
0.83
0.16
0.87
0.821
0.85
0.53
0.55
0.585
0.530
0.71
0.625
0.530
0.650
0.68
0.48
0.87
0.630
0.90
0.775
0.615

(Continued on following page.)
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Table 2.1 (continued)
Po
Pr
Pt
Pu
Re
Rh
Ru
S
Se
Si
Sn
Ta
Tb
Tc
Te
Th
Ti
U
V
W
Zr

4+
4+
4+
4+
4+
4+
4+
4+
4+
4+
4+
4+
4+
4+
4+
4+
4+
4+
4+
4+
4+

6s
4f
5d
5f
5d
4d
4d
3s
4s
2p
4d
5d
4f
4d
5s
6p
3p
5f
3d
5d
4p

VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI

0.94
0.85
0.625
0.86
0.63
0.60
0.620
0.37
0.50
0.400
0.690
0.68
0.76
0.645
0.97
0.94
0.605
0.89
0.58
0.66
0.72

The elements denoted in red (Fe, Ge, Hf, Mn, Sn, Ti, V, Zr) are the ones that
satisfy all requirements. The other elements have not been used in this study because
they are not easy to be found in six coordination, are not sufficiently stable in 4+
state, or because they are radioactive, expensive or not easily available, etc.
In this study, the focus was on two series of perovskites BaTi1-xMxO3 and
SrTi1-xMxO3. Each series was substituted by transition or post-transition metals on
the B site. In BaTi1-xMxO3, the Ti site was substituted by Ge4+, Mn4+ and Fe4+. For
the second series, SrTi1-xMxO3, the Ti site was substituted by Ge4+ and Mn4+. In
addition, substitution was also done using two different elements Al3+ and V5+ with
an average valence of 4+, SrTi1-2xAlxVxO3 with several values of compositions x. I
have focused of a fixed amount of substitution x = 0.1.
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The synthesis of selected perovskite compositions required finding appropriate
starting chemical compounds in sufficient purity and amount. I have used the
following compounds, all at least 99.99% pure: alkaline earth metals: BaCO3
(Barium Carbonate), SrCO3 (Strontium Carbonate), and transition metal oxides
Ti2O3 (Titanium (III) Oxide), Fe2O3 (Iron (III) Oxide), Al2O3 (Aluminium Oxide),
GeO2

(Germanium Dioxide), V2O5 (Vanadium (V) Oxide), ZrO2 (Zirconium

Dioxide), MnO2 (Manganese (IV) Oxide). During the synthesis, the carbonates were
decomposed to oxides and the oxygen content was adjusted to three by annealing.
Figure 2.1 shows schematics of attempted substitutions.

Figure 2.1: Attempted substitutions to achieve designed perovskite compounds.

2.3 Calculation of Expected Values of the Tolerance Factor
The expected tolerance factor values of each sample that was made in the lab
was computed by using formula (1.2) and the values of R(VIB4+) from
Shannon's table. The Table 2.2 shows samples that were covered in this thesis along
with their expected values of tolerance factor.
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Table 2.2
Expected values of tolerance factor at room temperature for investigated compounds
using tabulated values of ionic sizes from [14].
The sample

An expected

Tolerance factor formula

value of
tolerance
factor

τ=√

SrTiO3

τ=√

SrTi0.9Ge0.1 O3

τ=√

SrTi0.85Ge0.15 O3

τ=√

SrTi0.75Ge0.25 O3

SrTi0.9Al0.05V0.05O3

SrTi0.8Al0.1V0.1O3

τ=√

[( .

[( .

( .
. )
× . ) ( .
× . )

( .
. )
× . ) ( .
× .

( .
. )
× . ) ( .
× .

. )
× . ) ( .

( .
[( .

× .

τ=√

[( .

) ( .

1.0053

. ]

)

( .
. )
× . ) ( .
× . )

( .
× . ) ( .

[( .

1.0016

. )
. )]

( .
. )
× . ) ( .
× . ) ( .

[( .

τ=√

SrTi0.75Al0.125V0.125O3 τ =
√
SrTi0.9Mn0.1O3

[( .

τ=√

SrTi0.8Ge0.2 O3

[( .

( .
[( .

1.0072

. ]

1.0092

. ]

)

1.0110

. ]

× .

)

. ]

× . )

. ]

× .

)

1.0084

. )
× .

) ( .

( .
. )
× . ) ( .
× . )

(Continued on following page.)

. ]

1.0049

. ]

1.0101

1.0053
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Table 2.2 (continued)
The sample

An expected

Tolerance factor formula

value of
tolerance
factor

τ=√

BaTiO3

BaTi0.95Ge0.05O3

BaTi0.9Ge0.1O3

BaTi0.875Ge0.125O3

τ=√

[( .

τ=√
τ=√

[( .

( .
[( .

( .
. )
× . ) ( .
× .

)

. ]

( .
. )
× . ) ( .
× . )

( .
[( .

1.0617

. )
. )]

× .

1.0655

. ]

. )
) ( .

× .

)

. ]

BaTi0.85Ge0.15O3

τ=√

[( .

( .
. )
× . ) ( .
× .

)

. ]

BaTi0.75Ge0.25O3

τ=√

[( .

( .
. )
× . ) ( .
× .

)

. ]

BaTi0.95Fe0.05O3

τ=√

[( .

( .
. )
× . ) ( .
× .

)

. ]

BaTi0.9Fe0.1O3

τ=√

[( .

( .
. )
× . ) ( .
× . )

. ]

BaTi0.9Mn0.1O3

τ=√

[( .

( .
. )
× . ) ( .
× . )

. ]

τ=√

BaFeO3

BaFe0.9Ge0.1O3

BaFe0.875Ge0.125O3

τ=√
τ=√

[( .

[( .

( .
[( .

( .
. )
) ( .
× .

(Continued on following page.)

1.0666

1.0675

1.0715

1.0621

1.0626

1.0655

1.0722

. )
. )]

( .
. )
× . ) ( .
× . )

× .

1.0635

. )]

)

. )]

1.0752

1.0759
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Table 2.2 (continued)
The sample

An expected

Tolerance factor formula

value of
tolerance
factor

τ=√

BaFe0.8Ge0.2O3

[( .

( .
. )
× . ) ( .
× . )

1.0782

. )]

BaFe0.96Al0.02V0.02O3

τ=√

[( .

× .

( .
. )
) ( .
× . ) ( .

× .

)

. )]

BaFe0.92Al0.04V0.04O3

τ=√

[( .

× .

( .
. )
) ( .
× . ) ( .

× .

)

. )]

BaFe0.9Al0.05V0.05O3

τ=√

BaZr0.5Mn0.5O3

( .
[( .

τ=√

× . ) ( .

[( .

× .

. )
) ( .

( .
. )
× . ) ( .
× . )

× .

)

. )]

. ]

1.0732

1.0743

1.0748

1.0510

2.4 The Synthesis of Desired Perovskites
The MATLAB massing program, which is available in the Laboratory
for Materials Design at the Physics Department at NIU, was used to calculate the
mass of each starting compound. Samples were weighted by using a Mettler AE
balance with less than 10 micrograms resolution. The Table 2.3 shows the masses
of each compound synthesized from starting oxides and carbonates.
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Table 2.3
Syntheses applied to the materials that were grown in this thesis
SrTi 1-xTixO3

SrCO3

Ti2O3

-

-

Total mass

X=0.1

9.65498

4.70007

-

-

12g

SrTi1-xGexO3

SrCO3

Ti2O3

GeO2

-

Total mass

X=0.1

2.38163

1.04344

0.16876

-

3g

X=0.15

It was mixture Of SrTiO3 and SrTi0.75Ge0.25

-

1.5g

X=0.2

It was mixture Of SrTiO3 and SrTi0.75Ge0.25

-

1.5g

-

12g

V 2 O5

Total mass

X= 0.25

9.34011

3.41009

SrTi1-2xAlxVxO3

SrCO3

Ti2O3

1.6545
Al2O3

X=0.05

It was mixture Of SrTiO3 and SrTi0.75 Al0.125V0.125

2g

X=0.1

It was mixture Of SrTiO3 and SrTi0.75 Al0.125V0.125

1.225g

X=0.125

9.77358

3.56835

0.4219

0.752

12g

SrTi1-xMnxO3

SrCO3

TiO2

MnO2

-

Total mass

X=0.1

2.40440

1.17078

0.14164

-

3g

BaTi1-xTixO3

BaCO3

Ti2O3

-

-

Total mass

X=0.1

10.15485

3.69821

-

-

12g

BaTi1-xGexO3

BaCO3

Ti2O3

GeO2

-

Total mass

-

~2g

-

2.5g

X=0.05
X=0.1

It was mixture Of BaTiO3 and BaTi0.75Ge0.25
1.67470

0.54891

0.08878

X=0.125

It was mixture Of BaTiO3 and BaTi0.75Ge0.25

-

~4g

X=0.15

It was mixture Of BaTiO3 and BaTi0.75Ge0.25

-

~2g

(Continued on following page.)
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Table 2.3 (continued)
1.80132
0.87401

X=0.25

6.59496

-

8g

BaTi1-xFexO3

BaCO3

Ti2O3

Fe2O3

-

Total mass

X=0.05

6.75834

2.33821

0.13672

-

8g

X=0.1

6.74681

2.21136

0.27298

-

8g

BaTi1-xMnxO3

BaCO3

Ti2O3

MnO2

-

Total mass

X=0.1

2.53104

0.82958

0.11151

-

3g

BaFe1-xFexO3

BaCO3

Fe2O3

-

-

Total mass

X=0.1

13.09189

5.29711

-

-

16g

BaFe1-xGexO3

BaCO3

Fe2O3

GeO2

-

Total mass

-

~ 2g

X=0.1

It was mixture Of BaFeO3 and BaFe0.8Ge0.2

X=0.125

9.73433

3.44628

0.64503

-

12g

X=0.2

8.07023

2.61224

0.85561

-

10g

BaFe1-2xAlxVxO3

BaCO3

Fe2O3

Al2O3

V 2 O5

Total mass

X=0.02

It was mixture Of BaFeO3 and BaFe0.92Al0.04V0.04

4g

X=0.04

9.87422

3.67559

0.10204

0.182

12g

X=0.05

1.64802

0.60013

0.02129

0.037

2g

BaZr1-xMnxO3

BaCO3

ZrO2

MnO2

-

Total mass

X=0.5

7.63665

2.38428

1.68217

-

10g

The mixed oxides and carbonates were transferred into a zirconia container
with several zirconia balls, and then they were mixed using isopropyl alcohol for
one time. Samples were automatically ball milled using a Fritsch planetary ball
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mill model P7 with a rotation speed of 400 revolution/min [22] for at least 6 hours
until the mixture became homogenous. After that, samples were left to dry for a
day or two to allow the alcohol to dry off completely. Starting mixtures were
manually ground for few minutes, carefully placed into a clean and dried crucible
and packed tightly. After that, the samples were put into a furnace and heated in air
atmosphere, for example, heated using 5 ºC/min to 800 ºC, held for 8-10 hours and
then fast cooled to room temperature as shown in Figure 2.2.

Figure 2.2: A diagram showing the initial synthesis step; the temperatures and the
heating and cooling rates in air atmosphere.

After the first firing was accomplished, the samples were reground again,
placed into another clean and dried crucible, packed tightly, and fired at 900º C in air
atmosphere to completely decompose starting carbonates. Additional firings in air
atmosphere were done if necessary at increasing temperatures of 1000, 1100, 1200,
and 1300 ºC. The temperature was carefully selected to avoid melting. Then, the
samples were fired several times under different temperatures or atmospheres until
the single phase was formed. Often, the samples were reground before each firing to
make smaller grain sizes in order to obtain closer distance between cations to speed
up ions diffusion. For similar reasons, the majority of the samples' powders were
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pressed into high-density pellets after being reground in advanced level of firing
sequence (at high temperature). After that, the samples were annealed in several
different atmospheres, namely air (A), argon (Ar), Hydrogen (H2), Oxygen (O2), and
high-pressure oxygen (HPOx). The mass of each sample was recorded before and
after each firing. Those processes were repeated again and again for each sample
until single phase was formed. Also, the record of each sample firing was written
down in a logbook. The structure of each fired sample was analyzed using XRD
measurement to detect the phase purity of the sample and lattice constant changes.
Some samples were obtained by mixing the two other samples obtained from earlier
synthesis procedures. Two examples are shown that were used for the rest of mixture
samples:
1) To make SrTi0.8Al0.1V0.1 by mixing two other sample:
SrTiO3 + SrTi0.75Al0.125V0.125O3 → SrTi0.8Al0.1V0.1O3
X × 0.125 = 0.1; thus X= 0.8
Then, multiply SrTi0.75 Al0.125V0.125O3 by 0.8, it becomes:
0.8SrTi0.6Al0.1V0.1
After that, (1- X) had to add to SrTiO3 to balance the equation so:
0.2SrTiO3 + 0.8SrTi0.75Al0.125V0.125O3 → SrTi0.8Al0.1V0.1O3
0.2(87.620+47.867)+0.8[(1×87.620)+(0.75×47.867)+(0.125×26.981)+(0.125×50.94
15)]→ SrTi0.8Al0.1V0.1O3
27.0974 + 106.602504 → 133.697904
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For SrTiO3:

.
.

× how many grams would be for new sample ex: 1.225g =

0.24827g
.
.

ForSrTi0.75Al0.125V0.125O3:

×

how many grams would be for new sample ex: 1.225g = 0.9767g
Therefore, 0.24826g of SrTiO3 + 0.9767g of SrTi0.75Al0.125V0.125O3→ 1.225g of
SrTi0.8Al0.1V0.1O3
2) To make SrTi0.85Ge0.15 by mixing two others samples:
SrTiO3+ SrTi0.75Ge0.25 O3 → SrTi0.85Ge0.15O3
X × 0.25 = 0.15 ; thus X= 0.6
then multiply SrTi0.75Ge0.25 O3 by 0.6, it becomes:
0.6SrTi0.45Ge0.15
After that, (1-X) had to add to SrTiO3 to balance the equation so:
0.4SrTiO3 + 0.6SrTi0.75Ge0.25O3 → SrTi0.85Ge0.15O3
0.4(87.620+47.867)

+

0.6[(1×87.620)+(0.75×47.867)+(0.25×72.630)]

→

SrTi0.85Ge0.15O3
54.1948 + 85.00665 →139.20145
For

SrTiO3:

.
.

× how many grams would be for new sample ex: 1.5g

=0.58398g
For SrTi0.75Ge0.25O3:
=0.91601g

.
.

× how many grams would be for new sample ex: 1.5g
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Therefore, 0.58398g of SrTiO3+0.91601g of SrTi0.75Ge0.25 O3 →1.5g of
SrTi0.85Ge0.15O3 .

2.5 Two-Step Solid-State Synthesis
Initially, the samples did not form the single phase after their first or
following air firing. The reason was that these samples formed hexagonal phases due
to the condition of τ > 1 at the synthesis temperature. Then, samples were fired in
(Ar, and H2) atmospheres to remove the sufficient amount of oxygen in the samples
to decrease the tolerance factor by reducing the valence of the larger B3+ ion. This
step was repeated until samples reduced their oxygen content from O3 to O3-δ with
the control of critical temperatures. Calculation of the change of oxygen content was
computed by inserting measurements of the change in mass (∆m) of the sample in
program MATLAB. A detailed description of the mass measurements before (mi)
and after (mf) each firing was kept in a logbook. Experimental conditions were
modified until the sample compositions showed single-phase and the firing
procedures were completed. The calculation of the oxygen content was done by
using the following formula:

(2.1)

where

δ: the changing of oxygen content
mf: final mass
mi: Initial mass
M: Molar mass of sample
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Mox : Mass number for oxygen which is 15.999

2.6 XRD Characterization Measurements
The relationship of the x-ray wavelength and incident angle is represented by
the following formula which is known as Bragg’s law:

n λ = 2 d sinθ

(2.2)

In this representation, λ is wavelengh of incident beam, d is the d istance between
atomic planes, θ is the angle of incidence from the sample surface, and n is a number
giving the diffraction order. Since the specific nature of the crystal determines the
details of the diffraction pattern, vice versa the diffraction can be used to determine
the crystal structure [23].
For the structural characterization measurements of the samples, the
materials were analyzed by using X-ray diffraction (XRD) with a Rigaku X-ray D/
MAX diffractometer after each firing. The Rigaku diffractometer uses copper Kalpha radiation of 1.54 Å with a nickel filter blocking the beta spectrum. A small
piece of fired sample was hand ground to powder by using a mortar and pestle. Then,
the powder was mixed with amorphous silicon vacuum grease and smeared onto a
glass slide to be placed into the sample holder inside the X- ray machine. The Rigaku
software was used to process the output data, which was received from the X-ray
machine. The output data included identification of sample and condition, initial and
final masses, and the size of the step, which was 0.040 deg of the X- ray machine.
The degree range started from 2ϴ = 200 to 500 or 700 [24]. The resulting plots of the
data, Bragg peak intensity versus 2ϴ, were printed and compared with XRD
standards as well with previous diffraction measurements to follow the progress
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of the synthesis and adjust following firing steps until the formation of the singlephase materials was achieved. Figure 2.3 shows how the X-ray diffraction of
samples are recorded in 2θ configuration.

Figure 2.3: Schematic drawing showing geometry typically used in XRD
diffractometers [25].

CHAPTER 3
INVESTIGATION OF THE BARIUM TITANATE

3.1 Introduction
As mentioned earlier, the ionic size of Ba is greater than ionic size of Sr,
consequently, substitution of Sr reduces τ value as shown in Table 2.2, which
decreases TC as previously reported [21]. This chapter shows the results of the
investigation of pure Ba2+Ti4+O3 and its substitutions into Ti-site with smaller ions
such as (Fe4+, Ge4+, and Mn4+), which increase TC. Also, it reviews literature data for
bigger ions substituted into Ti-site such as Zr4+ and Hf4+, which decrease TC. It
should be noted that the reported study [26] of Sn4+ substitution into BaTiO3 was not
reliable and it is not discussed here. Furthermore, it presents XRD patterns for the
formed materials and the measurements of temperature dependent XRD for some
materials that we investigated.

3.2 Pure Barium Titanate (Ba2+Ti4+O3)
The tetragonal BaTiO3 exhibits ferroelectric properties at room temperature
resulting from shift of titanium ions from the symmetric position in the unit cell
creating an electric dipole moment [27]. The Ti off-center position results in two
different Ti-O bond lengths along the c axis direction, sum of which is larger than
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the sum of Ti-O bond lengths in the planar a and b directions, as illustrated in Figure
1.1 B. As a result, the unit cell elongation can be seen along the c-axis and the lattice
parameters are a = b ≠ c and the angles are α = β = γ = 90° [28]. The expected τ
value of BaTiO3 is equal to 1.0617 using Shannon's table, where RBa=1.61,
RTi=0.605, RO=1.40 Å as shown in Table 2.1. Structure of BaTiO3 converts to a
cubic phase if heated above 120 °C, which defines the ferroelectric transition
temperature TC.
Pure BaTiO3 was the starting point of the study, and so I have prepared a
reference sample as follow. Starting oxides and carbonates were ball milled for 6
hours and then fired in air at 1000 °C with heating range of 5 °C/ min and cooling
range of 20 °C/ min. After that, the single phase was formed when it was pressed as
a pellet and fired in air at 1150 °C. What distinguishes the ferroelectric tetragonal
phase and makes its easy identification is a phase split peak at 2θ ~ 45.2 deg on the
X-ray diffraction pattern. Figure 3.1 shows XRD pattern of pure BaTiO3.

Figure 3.1: XRD patterns for pure BaTiO3 obtained at two temperatures in air.
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3.3 Literature Data for Substituted BaTiO3 on the Ti-site
This section provides others' research results that describe the investigation and
structural results of doping elements that have bigger ionic sizes than the starting
element of this study, which is Ti. These elements are Zr4+ and Hf4+ that have
tabulated ionic radii equal to RZr =0.72 and RHf = 0.71 , based on Shannon's
table. These substitutions are expected to decrease the τ values as well as the TC
depending on the ionic radii of the doped element.

3.3.1 The Zr Substitution into BaTiO3
The reviewed literature discussed the result of Zr substituted into BaTi1-xZrxO3
system, for x=0-0.3 as shown in Figure 3.2 [29]. These substitutions caused decrease
of the TC due to the decreasing of τ by substituting bigger ions into Ti-site. Since this
thesis focuses on substitutions of x=0.1, the TC of substituted Zr0.1 was equal to ~90 °
C (~ 363 K), which lowers the temperature of BaTiO3 by 30 °C. The tolerance
factor value for BaTi0.9Zr0.1O3 calculated by using Shannon's table is equal to
1.05548, i.e., 0.00622 smaller than for BaTiO3 [14]. The phase transition from
tetragonal to orthorhombic (TT/O) is ~79 °C (~ 352 K), and finally, the phase
transition from orthorhombic to rhombohedral (TO/R) is ~55 °C (~ 328 K) [29] as
Figure 3.2 shows.
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Figure 3.2: Zr substituted in BaTiO3 where x=0-0.3 [30].

3.3.2 The Hf Substitution into BaTiO3
Another study discussed Hf substituted into Ti-site of BaTiO3 [30]. The result
was obtained for series of samples BaTi1-xHfxO3 where x=0, 0.3, 0.6, 0.9, 0.11, 0.13,
and 0.15. These samples were ball milled for 4 hours, then pressed as a pellet and
fired in air at 1370 °C for 3 hours. After that, they were ball milled again for 8 hours
and pressed into a pellet and fired in air at 1450 °C for 3 hours. As we see in Figure
3.3 (a), the development of structure changes with increasing percentage of Hf
content in the material. Since my focus was on BaTi1-xHfxO3 where x=0.10, the
phase transition from cubic to tetragonal (TC/T) was estimated at 71±2 °C (344±2 K).
The phase transition from tetragonal to orthorhombic (TT/O) was at 50±5 °C (323±5
K) and the phase transition from orthorhombic to rhombohedral (TO/R) was at 48±5
°C (321±5 K) [30]. Obviously, Figure 3.3 (b and c) shows the XRD patterns and the
development

from

tetragonal(T)→orthorhombic(O)→rhombohedral(R)

was

achievable by increasing the amount of substituted Hf into BaTiO3 material.
Changes of the transition temperatures, by ~50 °C for TC/T, were a result of decrease
in the value of τ by doping Hf by 0.00569 as was calculated by using Shannon's
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table, 1.0617 - 1.05601 [14].

Figure 3.3: Dielectric permittivity and ferroelectric transition temperatures as a
function of Hf substitution in BaTiO3. X-ray diffraction results [30].
In summary, previous studies have shown the effect of substituting bigger
ions such as Zr4+ and Hf4+ into Ti-site of BaTiO3, resulting in decrease TC/T as well
as increase of TT/O and TO/R. I have extracted these transition temperatures from the
references [29] and [30] and show them together on Figure 3.4 as a function of
increasing the percentages of Zr and Hf substituted into Ti-site of BaTiO3 material.
All three ferroelectric transitions are visible with increasing the percentages of
substituted Zr and Hf up to x= 0.15 and 0.12 respectively. For higher substitution
level, only single cubic to rhombohedral (TC/R) phase transition is present.
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Figure 3.4: Ferroelectric transition temperatures ((TC/T),(TT/O),(TO/R) and (TC/R)) as
function of compositions x for BaTi1-xZrxO3 and BaTi1-xHfxO3. [29] [30].

3.4 Study of Barium Titanate Substitutions with Small Ions on the Ti-site
In our materials, BaTiO3 was substituted by small ions of BaTi1-xMxO3 where
M = Mn4+, Ge4+, and Fe4+. The ionic radius of Fe4+ is equal to 0.585 Å, which is
slightly greater than the radii in Mn4+, and Ge4+, which are equal to 0.530 Å
according to Shannon's table. This would increase τ in the materials and thus the
phase transition temperature TC/T should increase.

3.4.1 The Ge and Mn Substitutions into BaTiO3
The idea was to investigate two different elements that have the same ionic sizes
and but differ in ionic properties; the Ge-O has an ionic bond and the Mn-O has a
covalent bond in the oxides.
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In BaTi1-xGexO3 the attempted substitutions were x= 0.05, 0.10, 0.125, 0.15,
and 0.25. Obviously, τ would be greater when the percent of Ge dopant increases,
thus the value of TC should increase. For BaTi0.95Ge0.05O3 and BaTi0.85Ge0.15O3, these
were pressed as pellets and fired in air 900, 1000, and 1050 °C for 41 hours, 12
hours, and 48 hours respectively with a heating range of 5 °C/ min and a cooling
range of 20 °C/ min. Then, the samples were reground, pressed as a pellet, and fired
in 42% H2/Ar at 1000 °C, and at 1250 °C for 14 hours. Using H2/Ar gases was to
reduce the oxygen content of samples from O3 to O3-δ. Finally, samples were
reground and pressed as a pellet again and annealed in air at 1050 °C for 12 hours to
increase the oxygen content of samples from O3-δ to O3 with heating range of 5 °C/
min and a cooling range of 20 °C/ min. These samples have shown perfect XRD
patterns. Some work remains in progress to measure their phase transition
temperatures in terms of XRD.
For BaTi0.9Ge0.1O3, there were two batches of samples made to double check
for the accuracy of results of the material. The first batch was created as shown in
Table 2.3; the second batch was obtained by mixing of BaTiO3 and BaTi0.75Ge0.25O3
after taking accurate calculations. Subsequently, the sample was annealed in air at
1000 °C, and the sample was reground and pressed as a pellet and fired in air at 1200
°C Then, the sample was reground and pressed as a pellet again and fired in 42%
H2/Ar at 1200 °C and 1250 °C. Finally, the sample was re-oxygenated in air at 550
°C. Figure 3.5 shows XRD pattern for BaTi0.9Ge0.1O3 after being fired in air at 550
°C.
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Figure 3.5: XRD pattern for BaTi0.9Ge0.1O3 at RT.
In Figure 3.5 the XRD shows the pattern of tetragonal phase P4mm in the
sample after being reduced in 42% H2/Ar at 1250 °C and then oxygenated in air at
550 °C. The split peak at 2θ ~ 45.2 deg is significant to recognize the tetragonal
phase as the following temperature-dependent XRD measurement shows. It should
be noted here that the small peak in Figure 3.5 at 2θ = 28 deg is due to the silicone
vacuum grease that is mixed with the sample before smeared onto a slide, and
another small peak is presented at 2θ ~ 28.46 deg which is called (Kβ) peak due to
the partially unscreened peak present at 2θ ~ 31.6 deg which is called (Kα) peak.
The temperature-dependent XRD were performed for BaTi0.9Ge0.1O3 sample
in heating and cooling to determine all structural/ferroelectric transition temperatures
using collaborative measures. As it was mentioned earlier, one of the ways that can
be utilized is where the tetragonal phase pattern in XRD can be noticed easily by
splitting peak at 2θ ~ 45.2 deg. Therefore, during the experiments, these data were
measured from 43° to 47° in terms of 2θ every 20 °C. In the heating case, the
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phase transition temperature from cubic to tetragonal TF1H is equal to 410±5 K.
Additionally, the phase transition temperature from tetragonal to orthorhombic
TF2H is equal to 295±5 K. Finally, the phase transition temperature from
orthorhombic to rhombohedral TF3H is equal to 200±5 K. Figure 3.6 shows the data
of temperature-dependent XRD for BaTi0.9Ge0.1O3 in the heating case.

Figure 3.6: Temperature-dependent XRD for BaTi0.9Ge0.1O3 in heating case.

In the cooling case, the phase transition temperature from cubic to tetragonal
TF1C is equal to 405±5 K. Also, the phase transition temperature from tetragonal to
orthorhombic TF2C is equal to 275±5 K. Finally, the phase transition temperature
from orthorhombic to rhombohedral TF3C is equal to 165±5 K. Figure 3.7 shows the
data of temperature-dependent XRD for BaTi0.9Ge0.1O3 in the cooling case.

42

Figure 3.7: Temperature-dependent XRD for BaTi0.9Ge0.1O3 in cooling case.
For BaTi0.875Ge0.125O3 and BaTi0.75Ge0.25O3, the attempt was to make them
exhibit a single phase. Thus, they were annealed in many conditions of synthesis
atmospheres and temperatures. Unfortunately, these experiments did not show
formation of the single phase for these compositions.
The BaTi0.9Mn0.1O3 was fired in air at 1000 and 1100 °C. Then, it was pressed
as a pellet and fired again in air at 1050 °C. After that, it was reground and pressed as
a pellet again and annealed in 0.10% H2/Ar at 1150 °C and 0.11% H2/Ar at 1290 °C.
The firing sample in (H2/Ar) was to decrease the value of τ by reducing the valence
of Mn4+ to Mn3+ where (RMn4+ < RMn3+) to stabilize perovskite phase at synthesis
temperature, in addition to reducing the oxygen content of the sample from O3 to O3δ.

Finally, sample was re-oxygenated in air at 420 °C and in oxygen at 500 °C and

550 °C to increase the oxygen content of the sample from O3-δ to O3, and increase the
valence from Mn3+ to Mn4+, and thus increase the value of τ. Figure 3.8 presents
XRD pattern for BaTi0.9Mn0.1O3 after being fired in oxygen at 550 °C.
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Figure 3.8: XRD pattern for BaTi0.9Mn0.1O3 at RT.
In Figure 3.8, the XRD shows the pattern of tetragonal phase P4mm as
splitting peak at 2θ ~ 45.2 deg. Also, as mentioned earlier presented small peak at 2θ
= 28 deg was a result of applied amount of silicone grease that mixed with the
sample, in addition to (Kβ) peak is visible at 2θ ~ 28.5 deg.
The temperature-dependent XRD was performed for BaTi0.9Mn0.1O3 only
in the

heating

case

in

collaboration

at

APS

synchrotron

at

Argonne

National Laboratory. As a result, the phase transition temperature from cubic to
tetragonal TF1H was found at 397±5 K. In addition, the phase transition
temperature from tetragonal to orthorhombic TF2H was equal to 281±5 K. Finally,
the phase transition temperature from orthorhombic to rhombohedral TF3H was
equal to 205±5 K as shown in Figure 3.9.
In both cases of Ge and Mn substitutions the cubic to tetragonal transition is
higher than for BaTiO3, ~ 393 K; i.e., I have demonstrated increase of ferroelectric
transition temperature by increases of tolerance factor. Small hysteresis of transition
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temperature is observed similar to pure BaTiO3. On the other hand, the transition
temperatures of the tetragonal to orthorhombic and orthorhombic to rhombohedral
remain practically unchanged that is different from the behavior of both Zr and Hf
substituted (increased) and Sr substituted (decreased) BaTiO3. In all cases large
hysteresis of transition temperatures is observed, supporting the notion that
ferroelectric transition temperatures are of the first order.

Figure 3.9: Temperature-dependent XRD for BaTi0.9Mn0.1O3 in heating case.
3.4.2 The Fe Substitution into BaTiO3
Previous studies have shown the range of cubic (perovskite) and hexagonal
(non-perovskite) phases forming with increasing the percentage of doped Fe [31].
Figure 3.10 shows synthesis-properties diagram for the BaTi1-xFexO3 system where 0
< x < 0.1 [31]. Notice that the authors mislabeled the tetragonal/ferroelectric phase
as “cubic.” For BaTi1-xFexO3 where x=0.05, the structure was “cubic” when
synthesized at both 1000 and 1100 °C. When the synthesis temperature was
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increased from to 1200 and 1300 °C, the structure was “cubic” and hexagonal, which
was confirmed by our results that makes the findings of this study consistent with the
literature review [31]. It is worth noting here that the literature review showed the
decreasing of TC instead of increasing even though RFe< RTi, and the reason for that
was the substitution of Fe3+ instead of Fe4+ where RFe3+ > RTi4+ because the
oxygen-deficient samples reported were obtained from the synthesis in air
followed by quenching.

Figure 3.10: Phase diagram for the solid solution system BaTi1-xFexO3 at 1100 and
1200 °C [31].

In our attempted materials, BaTi1-xFexO3 where x= 0.05 and 0.1, the expected τ
are 1.0621 and 1.0626 respectively. BaTi0.95Fe0.05O3 and BaTi0.90Fe0.1O3 were
synthesized at low temperatures. BaTi0.95Fe0.05O3 was ball milled for 6 hours, after
which it was reground and annealed in air at 1000 and 1100 °C, pressed as a pellet
and fired in air at 1300 °C. The sample was re-pressed as a pellet and fired again in
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air at 970 °C. Then, high-pressure oxygen annealing (HPOx) was performed at 204
bar and 420 °C for 24 hours for 0.5g of the sample with heating range at 2 °C/ min
and cooling range at 0.1 °C/ min to room temperature. The reason of using HPOx
annealing was to highly oxygenate the sample since it is difficult to obtain Fe4+ in
often oxidation annealing (A, Ox). After that, the rest of the sample was reground
and pressed as a pellet and fired again in air at 1000 °C for 12 hours, 900 °C for 41
hours, and 1050 °C for 48 hours with a heating range of 5 °C/ min and a cooling
range of 20 °C/ min to RT. Then, a small piece was annealed in 42% H2/Ar at 1000
°C for 14 hours. Finally, it was fired again in air at 950 °C for 12 hours. Figure 3.11
shows XRD for BaTi1-xFexO3 where x=0.05 at RT.

Figure 3.11: XRD pattern for BaTi0.95Fe0.05O3 at RT.
In Figure 3.11, the XRD pattern for BaTi0.95Fe0.05O3 indicates the tetragonal
structure as the broader peak at 2θ ~ 45.5 deg is visible; for that reason, the authors
mislabeled the tetragonal/ferroelectric phase as cubic in their study. Also, it shows
tiny impurity peak at 2θ = 43 deg even though sample underwent many synthesis

47
steps under variety of conditions to optimize purity of the material. Additionally,
(Kβ) peak is present at 2θ ~ 28.7 deg and as mentioned before small peak at 2θ = 28
deg due to the silicone grease that was mixed with the sample.
For BaTi0.9Fe0.1O3, there were two batches to double check on the results of the
material, the first was created as shown in Table 2.3; the second batch was a mixture
of BaTiO3 and BaTi0.25Fe0.75O3 with accurate calculations. Since the first batch
underwent synthesis under many atmospheres and temperatures, our second batch
only included the best conditions to be repeated for making the required checks.
Therefore, we will only focus on the results of the second batch. BaTi0.9Fe0.1O3 was
pressed as a pellet and annealed in air at 1000 °C for 60 hours with heating range of
5 °C/ min and cooling range of 20 °C/ min. Then, first half of the sample was
reground and pressed as a pellet and fired in 42% H2/Ar at 1000 °C for 12 hours.
After that, the other half was reground, re-pressed as a pellet and fired twice in air at
950 °C for 12 hours and for 17 hours. Finally, it was reground and pressed as a pellet
and fired in argon at 1350 °C for 12 hours. As mentioned in reference [31], for
BaTi1-xFexO3 where x=0.1, the structure will be cubic and hexagonal at both 1000
and 1100 °C. By increasing the temperature from 1200 °C to 1300 °C, the structure
will be hexagonal.
Our results confirm the result from reference [31], as we tried to obtain single
phase under different syntheses conditions, but we could only reach a mixture of
hexagonal and cubic phases at temperatures above 1100 °C as shown in Figure 3.10.
Therefore, our study is consistent with reference [31] regarding the formation results
of cubic to hexagonal transition. Thus, I was not able to achieve 10% Fe substituted
sample BaTi0.9Fe0.1O3 for my comparison of structural/ferroelectric transition
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temperatures. The two single-phase samples of BaTi0.95Fe0.05O3 from different
synthesis conditions used for obtaining Fe3+ and Fe4+ have not been measured as a
function of temperature so far.
In summary, increasing the values of bond length <Ti0.9/M0.1 - O> leads to
decreasing TC/T in the previously studied materials. The reduction of ferroelectric
transition TC/T/τ is about 1 K/0.0002 by using values of τ obtained from Shannon's
table. However, to have more precise predictive power about changes of TC/T it
would be necessary to know better the bond lengths <Ti0.9/M0.1 - O>. It is worth
noting here that the expected value of bond lengths <Ti0.9/M0.1 - O> that was
extracted from Shannon's table is greater than the expected value of bond length of
[Ti0.9/M0.1 - O] that was found from the literature for the corresponding compounds.
These studies have used neutron powder diffraction (NPD) measurements in
establishing the true [Ti – O] and the [M – O] bond lengths. By using NPD data I
found that <Ti0.9/M0.1 - O> Expected from Shannon = [Ti0.9/M0.1 - O] Expected from NPD + ~0.052
Å. In addition, the expected values of τ that was extracted from Shannon's table is
greater than expected values of τ that was found from NPD measurement, τ Expected
from Shannon

= τ Expected from NPD + ~0.035. Therefore, Tables 3.1 and 3.2 compare the

expected values of bond length <Ti0.9/M0.1 - O> and τ from NPD measurements
Shannon's tables for substituted elements M= Zr, Hf, Ti, Ge, and Mn into Ti-site of
BaTiO3 where [Ba2+ - O]NPD= 2.834 Å and [Ba2+ - O]Shannon= 3.01 Å. Also, as shown
in Table 3.1 and Table 3.2, data are represented as graphs of TTransition temperature[K]
and τ NPD in Figure 3.12, and between T [K] and bond length [Ti0.9/M0.1 - O] Å from
literature in Figure 3.13 in heating case (H) and cooling case (C) of substituted
BaTi0.9M0.1O3 where M= Zr, Hf, Ti, Ge, and Mn .
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Table 3.1
Expected values of bond length <Ti0.9/M0.1 - O> from literature that used NPD and
Shannon's table for compositions of B-site for BaTiO3, where M= Zr, Hf, Ti, Ge, and
Mn [14].
Composition

Experimental value used
0.9[Ti4+ - O]+0.1[M4+ - O]
Å

Expected bond
length from
literature
<Ti0.9/M0.1 - O>Å

Expected bond
length from
Shannon's table
<Ti0.9/M0.1 - OVI>Å

Ti0.9Zr0.1

[0.9[1.951]+0.1[2.097]]

1.9656

2.0165

Ti0.9 Hf0.1

[0.9[1.951]+0.1[2.090]]

1.9649

2.0155

Ti0.9 Ti0.1

1.951

1.951

2.005

Ti0.9 Ge0.1

[0.9[1.951]+0.1[1.8989]]

1.94579

1.9975

Ti0.9 Mn0.1

[0.9[1.951]+0.1[1.897]]

1.9456

1.9975

Table 3.2
Expected values of τ from NPD and Shannon's table, where [Ba2+ - O]NPD=2.834 Å
and [Ba2+ - O]Shannon= 3.01 Å. Additionally, the phases transitions of BaTi0.9M0.1O3
where M= Zr, Hf, Ti, Ge, and Mn in heating case (H) and cooling case (C) are
shown [14].
Composition

Expected τ
value from
NPD

Expected τ value
from Shannon's
table

TC/T [K]

TT/O [K]

TO/R [K]

BaTi0.9Zr0.1

1.0197

1.05548

H=361

H= 352

H= 333

BaTi0.9 Hf0.1

1.0201

1.05601

H= 346

H= 321

H= 331

BaTi0.9 Ti0.1

1.0272

1.0617

BaTi0.9 Ge0.1

1.0300

1.0655

BaTi0.9 Mn0.1

1.0301

1.0655

H= 401
C= 393
H= 412
C= 406
H=397

H= 285
C= 278
H= 295
C= 276
H= 281

H= 195
C= 180
H= 200
C= 166
H= 205
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Figure 3.12: The relationship of expected value of τ from NPD and phase transitions of
substituted BaTi0.9M0.1O3 where M= Zr, Hf, Ti, Ge, and Mn in heating and cooling
cases.

Figure 3.13: The relationship of expected values of bond length <Ti0.9/M0.1 - O>
from NPD and phase transitions of substituted elements M= Zr, Hf, Ti, Ge, and Mn
into Ti-site of BaTiO3 in heating and cooling cases.
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As seen in Figures 3.12 and 3.13, the black line separates between smaller
and bigger substitutions into Ti-site, where black line represents BaTiO3. Therefore,
when Ti-site is substituted by Ge which has (RGe < RTi) into Ti-site of BaTiO3, then
TC/T would increase due to the increasing of τ. On the other hand, when Ti-site is
substituted by Zr which has (RZr > RTi) TC/T would decrease due to the decreasing of
τ as it was observed with Sr substitution for Ba on the perovskite A-site.
In conclusion, substitutions on both perovskite A- and B-sites have the same
effect on ferroelectric/structural transition at TC, which is controlled by the
magnitude of expected τ > 1. Tetragonal structure represents the elongation of the
BO6 octahedra along the c axis, which leads to off-symmetric B-site position causing
electric dipole moment. I represented the tetragonality of the materials at room
temperature in terms of the ionic radii for substituted elements which are (Ge, Ti,
and Mn) into Ti-site of BaTiO3 in Figure 3.14. As mentioned earlier, the lattice
parameters of tetragonal structure are a = b ≠ c and thus the tetragonality was
defined as (c/a) where a = b. The lattice parameters of substituted Ge0.1 and Mn0.1
into BaTiO3 were calculated by using GSAS program which gives a = b = 3.993 Å
and c = 4.029 Å, and a = b = 3.985 Å and c = 4.020 Å respectively. It is observed
that substitution of smaller ions (increase of τ) causes not only an increase of TC but
also increases the room temperature tetragonality, i.e., increases the electric dipole
moment or spontaneous polarization. These observations are important as they
demonstrate that better ferroelectric materials can be designed and achieved for
applications. Since the literature reported 10% substituted samples of Hf and Zr are
rhombohedral at room temperature they are not included in Figure 3.14.

52

Figure 3.14: Tetragonality (c/a) as a function of ionic radii of substituted
BaTi0.9M0.1O3 where M=Ti, Ge, and Mn.

CHAPTER 4
INVESTIGATION OF THE STRONTIUM TITANATE

4.1 Introduction
This chapter will discuss the attempts to observe ferroelectricity in substituted
Sr2+Ti4+O3 (STO) with smaller ions on the Ti site. As mentioned earlier, when τ < 1,
distortion of BO6 will occur, which won't exhibit ferroelectricity. Thus, I had to use
an approach that attempted to create an elongation of Ti-O bond causing the Ti atom
to be off-center in TiO6 octrahedra. Therefore, the approach was to increase τ by
substituting elements that have RSubstituted

element

< RTi into Ti-site of STO such as

Al3+V5+, Ge4+, and Mn4+. Then, it describes all the steps in which the doping of the
samples was experimented for obtaining the resultant materials. Furthermore, it
mentions the conditions that each sample underwent to obtain the single-phase
material before being fully oxygenated. Finally, it shows the result of XRD
diffraction for each sample.

4.2 Pure Strontium Titanate (Sr2+Ti4+O3)
Strontium titanate is a cubic paraelectric material at 300 K that has a large
dielectric constant and undergoes characteristic transition to tetragonal non-
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ferroelectric phase below 105 K [1]. Cubic phase is described as having three main
types of structure; these are simple cubic (CP), body centered cubic (BCC), and face
centered cubic (FCC) [28]. In STO the strontium atoms are located at the corners of
the cube; i.e., they assume the simple cubic structure. The titanium atom occupies
the body-centered positions, which is at the center of the cube (BCC), and the three
oxygen atoms occupy the face-centered (FCC) positions, which are located at each
center face of the cube. This STO crystal structure is thus a simple cubic with a base
build of the SrTiO3 units. The unit cell of STO can be described with respect to six
parameters; three lattice parameters a, b, and c where a = b = c and the angles α, β,
and γ where α = β = γ = 90° [28]. The tetragonal phase below TC/T = 105 K results
from TiO6 rotations of along the c-axis is different from tetragonal ferroelectric
phase discussed previously for BaTiO3.
STO material, as seen in Table 2.2 has τ=1.0016 at room temperature, where
RSr=1.44, RTi=0.605, and RO=1.40 Å, does not demonstrate ferroelectricity due to its
corresponding cubic structure with very small tension exerted on Ti-O bonds as
shown by τ which is just slightly larger than 1. In our experiment, pure SrTiO3 was
ball milled for 7 hours. Cubic structure was easily formed in air atmosphere. Small
amounts of impurities were mostly removed after the second firing in air. SrTiO3
was fired for four times in air at 850, 1000, 1200, and 1300 °C with each firing
lasting for 10 hours until pure cubic phase was formed. The samples were reground
before each firing. Figure 4.1 shows the XRD patterns for various firing
temperatures in air.
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Figure 4.1: XRD pattern for pure SrTiO3 with different temperatures in air.

4.3 Substitutions in Strontium Titanate
Based on the relationship of tolerance factor as function of temperature (τ ~
T2), SrTiO3 has τ < 1 at 0 K. When temperature increases to 105 K, the tolerance
factor value becomes τ=1 which corresponds to the cubic structure. Further increase
of temperature will result in expected τ > 1 and the observed τ=1, unless ferroelectric
tetragonal phase appears. The phase transition TC/T would decrease when substituted
element into Ti-site is smaller because τ would increase and reach 1 at lower
temperatures. Larger increase of τ by larger amount of substitutions could lead to
suppression of TC/T when τ = 1 at 0 K and development of ferroelectric tetragonal
phase when τ > 1 at 0 K. On the other hand, the phase transition TC/T would increase
when the substituted element into Ti-site is larger than Ti because τ decreases, which
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was observed for Zr and Hf substitutions and the TC/T > 300 K [29] [30]. These
materials which have τ < 1 at 0 K would retain the cubic structure above TC/T or
decompose to hexagonal structure if temperature is high. However, when materials
have τ > 1 at 0 K such as BaTiO3, the ferroelectric tetragonal phase is expected, and
this was the motivation to discover new ferroelectrics based on SrTiO3 materials.

4.3.1 The Al and V Substitutions into SrTiO3
In the case of Al and V substitutions, it is worth noting here that the ionic radii
of Al3+ and V5+ were not mentioned in Table 2.1 of Chapter 2 because the oxidation
state of each element was not suitable to be included in that table (i.e., it was
not equal to 4+). The ionic radius of

VIAl3+

is 0.535 Å, and of

VIV5+

is 0.54 Å [14].

After taking the average proportions for values of the used materials, the oxidation
number is equal to 4+ and the ionic size is equal to 0.5375Å, which is a little greater
than the ionic sizes in Mn and Ge that have ionic sizes of 0.530Å.
For SrTi1-2xAlxVxO3 where x = 0.05, 0.1, and 0.125, I have prepared these
materials as follows: for SrTi0.75Al0.125V0.125O3 firing was done at 800 - 1200 °C in
air atmosphere and lasted for 10 hours in each firing using the heating and cooling
ranges of 8 °C/ min and 20 °C/min. After that, the sample was pressed as a pellet and
fired in 42% H2/Ar at 1200 °C, 0.10% H2/Ar at 1150 °C, 42% H2/Ar at 1290 °C, and
42% H2/Ar at 1250 °C to reduce the oxygen of the sample from O3 to O3-δ and by
that avoid formation of hexagonal phase at high temperature. Finally, it was reoxygenated in air at 550 °C to increase the oxygen content of the sample from O3-δ to
O3. As shown in Figure 4.2, the XRD pattern for SrTi0.75Al0.125V0.125O3 shows that
cubic structure was formed, and as the x value increases the impurities in material
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have increased. These impurities are presented at 2θ ~ 28.4, 30, and 35.1 deg. (Kβ)
peak presented at 2θ ~ 29.2 deg.
After accurately calculating the amount for new compositions, namely
(SrTi0.9Al0.05V0.05O3 and SrTi0.8Al0.1V0.1O3), the sample SrTi0.75Al0.125V0.125O3 was
mixed together with SrTiO3. Then, the new sample SrTi0.8Al0.1V0.1O3 was pressed as
a pellet and fired in 42% H2/Ar at 1250 °C, and then fully oxygenated in air 550 °C.
At the same time, the other new sample SrTi0.9Al0.05V0.05O3 was also pressed as a
pellet and fired in 1% H2/Ar at 1000 °C, and it was also fully oxygenated in air at
500 °C. We also need to say here that all the above-mentioned samples in this step of
the experiment were reground before each firing. Figure 4.2 shows XRD patterns for
all

substituted

samples

SrTi1-2xAlxVxO3.

Therefore,

XRD

pattern

for

SrTi0.8Al0.1V0.1O3, shows cubic structure where (Kβ) peak is presented at 2θ ~ 29.1
deg. It also shows tiny impurities at 2θ ~ 28.3 deg. On the other hand, XRD pattern
shows cubic structure as well for SrTi0.9Al0.05V0.05O3, where it did not show
impurities due to substituting small amount where x=0.1. As mentioned earlier small
peaks would be presented at 2θ = 28 deg due to the applied amount of silicone grease
that mixed with the sample before XRD diffraction in X-ray machine. Noticeably,
there is no broadening of the diffraction peak observed at 2θ ~ 46.5 deg for any
substitution level, i.e., no indication of formation of ferroelectric tetragonal phase at
300 K.
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Figure 4.2: X-ray diffraction patterns for SrTi1-2xAlxVxO3 with x= 0.05, 0.1, and
0.125 at RT.

4.3.2 The Ge Substitution into SrTiO3
In SrTi1-xGex O3 system where x= 0.1, 0.15, 0.2, and 0.25, the predicted τ are
1.0053, 1.0072, 1.0092, and 1.0110 respectively. In order to follow the same
experimental steps for each composition, SrTi0.8Ge0.2O3 and SrTi0.85Ge0.15 O3 were
prepared by mixing SrTiO3 and SrTi0.75Ge0.25O3 following the accurate calculations
of values. One sample SrTi0.9Ge0.1O3 was not ball milled due to its small amount that
was obtained, as it was only ~3g. However, it was ground for half an hour, and then
the ground sample was fired in air at 1050 °C. Next, it was pressed as a pellet and
fired again in air at 1200 °C. After that, it was reground before each firing, pressed
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as a pellet and annealed for several times in 0.11% H2/Ar at 1290 °C and 42% H2/Ar
at 1250 °C to reduce the oxygen of the sample. Finally, it was re-oxygenated twice
in air at 250 °C and 550 °C to increase the oxygen content in the sample. After every
step of the synthesis the XRD data was taken and the best samples were selected for
future experiments.
Another issue with SrTi1-xGexO3 system is that as the percentage of Ge
increased, the amount of impurities also increased. In the case of SrTi0.75Ge0.25O3,
the 12g sample was ball milled for 7 hours until it became homogenous. Next, the
firing was at 850 - 1200 °C in air with each firing lasting for 10 hours and with
heating range at 5 °C/ min and cooling range at 20 °C/ min. Then, the sample was
pressed as a pellet and fired in 42% H2/Ar at 1200 °C, 42% H2/Ar at 1250 °C, and
1% H2/Ar at 1000 °C. For the samples of SrTi0.85Ge0.15O3 and SrTi0.8Ge0.2O3, it was
noticed that the single phase was also formed when they were fired in 1% H2/Ar at
1000 °C as well. Figure 4.3 shows XRD patterns for all SrTi1-xGexO3 substituted
samples. Their XRD patterns present cubic structure Pm-3m. As Figure 4.3 shows,
the impurities are presented at 2θ ~ 30.7 and 31.1 deg and in addition to (Kβ) peak at
2θ ~ 29.2 deg. for SrTi1-xGex O3, where x= 0.15, 0.2, and 0.25. On the other hand,
these impurities are not presented in XRD pattern for SrTi0.9Ge0.1O3 due to small
amount substituted. Like with the Al/V substitution, there is no broadening of the
diffraction peak observed at 2θ ~ 46.5 deg for any substitution level, i.e., no
indication of formation of ferroelectric tetragonal phase at 300 K despite wider
solubility range achieved with smaller Ge ion.
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Figure 4.3: X-ray diffraction pattern for SrTi1-xGexO3 where x= 0.1, 0.15, 0.2, and
0.25 at RT.

4.3.3 The Mn Substitution into SrTiO3
In SrTi1-xMnxO3 where x=0.1, τ is 1.0053, which is exactly equal to the τ of
SrTi0.9Ge0.1O3 sample. SrTi0.9Mn0.1O3 was ball milled until it became a homogenous
material. Then, it was fired in air at 1000 and 1200 °C for 12 hours with a heating
range of 5 °C/ min and a cooling range of 20 °C/ min. After that, it was pressed as a
pellet and fired in Ar at 1350, 1400, 1430, and 1450 °C for 12 hours each firing.
Finally, it was fully oxygenated for 21 hours in oxygen at 325 °C. Figure 4.4 shows
XRD patterns of pure STO and all SrTi0.9M0.1O3 substituted in this study, where M =
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Al/V, Ti, Ge, and Mn. All XRD patterns for SrTi0.9Mn0.1O3 show single-phase cubic
structure and no hint of the ferroelectric tetragonal phase at 300 K.

Figure 4.4: Room-temperature XRD patterns of pure STO and SrTi0.9M0.1O3
substituted materials obtained in this study.
4.4 Discussion of Results of Substitution with Small Ions for Ti in Strontium
Titanate
I have attempt to obtain ferroelectricity by increasing the value of τ, which
was done by substituting Al/V, Ge, and Mn into Ti-site of SrTiO3. These
substitutions would increase the tension on Ti-O bond. However, XRD patterns
present cubic structure Pm-3m for all substitutions as Figure 4.4 shows. Thus, the
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observed cubic structure indicate that not sufficient tension was exerted on Ti-O
bond. However, presence of the ferroelectric tetragonal phase is not excluded at
lower temperatures. To observe the structural features of my samples the
low-temperature

XRD

experiments

were

done

for

SrTi0.9Ge0.1O3

and

SrTi0.9Mn0.1O3 by collaborators. These experiments showed cubic structure
down to 4 K for both samples, i.e., the possible suppression of TC/T to 0 K
from 105 K. Unfortunately, these experiments are not conclusive because it is
known that the observation of tetragonal phase transition at TC/T by XRD
diffraction for polycrystalline samples is very difficult for SrTiO3. Nevertheless, it
is certain that there was no ferroelectric tetragonal phase transition induced by my
substitutions because this phase is much easier to detect with the XRD.
Finally, the conditions of atmospheres and temperatures obtained in the
course of our experiments for SrTi1-xMxO3 where M= Al3+/V5+, Ge4+, and Mn4+ are
provided in Table 4.1, and the expected values of the bond length <Ti0.9/M0.1-O>
from the literature and Shannon's tables where M = Ti4+, Ge4+, and Mn4+ are
provided in Table 4.2, and the values of lattice parameter (a) where a = b = c and α =
β = γ = 90° of the samples that have x=0.1 as calculated by GSAS program. Also, the
expected values of τ from NPD and Shannon's table are provided in Table 4.3. where
the expected value of [Sr2+-O] from literature review is equal to 2.6855 Å.
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Table 4.1
Best synthesis conditions for substituted SrTiO3 samples before or after reoxygenating them in (air, Ox) where (r) is reground and (p) pressed as a pellet.

Sample

Syntheses Condition

Structure

SrTiO3

r:A1300°C

Cubic

SrTi0.9Mn0.1O3

r:pAr1430°C, Ox280°C, and Ox325°C

Cubic

SrTi0.9Al0.05V0.05O3

r:p1%H21000°C, A500°C

Cubic

SrTi0.8Al0.1V0.1O3

r:p42%H21250°C, A550°C

Cubic

SrTi0.75Al0.125V0.125O3

r:p42%H21250°C, A550°C

Cubic

SrTi0.9 Ge0.1O3

r:p42%H21250°C, A550°C

Cubic

SrTi0.85 Ge0.15O3

r:p1%H21000°C

Cubic

SrTi0.8 Ge0.2O3

1%H21000°C

Cubic

SrTi0.75 Ge0.25O3

r:p1%H21000°C

Cubic

Table 4.2
Values of expected bond lengths <Ti0.9/M0.1-O> from literature and from Shannon's
tables where M = Ti4+, Ge4+, and Mn4+.

Composition
[Ti0.9M0.1-O]

Experimental value used
0.9[Ti4+-O]+0.1[M4+-O] Å

Expected bond
length from
literature
< Ti0.9/M0.1-O>
Å

Expected bond
length from
Shannon's table
< Ti0.9/M0.1-OVI>
Å

[Ti0.9Ti0.1-O]

1.951

1.951

2.005

[Ti0.9Ge0.1-O]

[0.9[1.951]+0.1[1.8989]]

1.94579

1.9975

[Ti0.9Mn0.1-O]

[0.9[1.951]+0.1[1.897]]

1.9456

1.9975
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Table 4.3
The values of lattice parameter a (Å) of the samples as determined by means of
GSAS program, their expected values of τ from NPD and Shannon's table where the
values of τ from Shannon's table at 300K ~ RT.
Sample

a(Å)

Expected τ value

Expected τ value from

from NPD

Shannon's table

SrTiO3

3.9118

0.9733

1.0016

SrTi0.9Al0.05V0.05O3

3.903718

Undefined

1.0049

SrTi0.9Ge0.1O3

3.901131

0.97592

1.0053

SrTi0.9Mn0.1O3

3.892854

0.97601

1.0053

CHAPTER 5
SUMMARY

The purpose of this thesis was to enhance TC by increasing the value of τ for
newly substituted composition into Ti-site of (Ba,Sr)TiO3 system. The approach was
to select appropriate element that could be substituted either into Ba-site or Ti-site to
increase τ. Even though the focus was to substitute 10% of substituted elements into
Ti-site of the materials, other substitutions than 10% were made as well for some of
the used compositions where x= 0.05, 0.15, and 0.20.
Many methods and syntheses were used to investigate the substituted materials.
Temperature-dependent XRD was performed for BaTi0.9Ge0.1O3 in heating and
cooling cases and for BaTi0.9Mn0.1O3 in heating case. As a result, the increasing of
cubic to tetragonal transition temperature was observed for both Ge and Mn
substitutions. The single-phase tetragonal P4mm was achieved for all BaTiO3
substitutions, except for BaTi0.9Fe0.1O3, whose XRD pattern showed a mixture of
cubic and hexagonal phases and it was not possible to be synthesized.
Substitutions of SrTi0.9M0.1O3 were investigated to obtain ferroelectricity by
increasing the tolerance factor value. In the course of the experiments, the attempt
was to remove ferro-distortive structural transition at 105 K and induce
ferroelectricity by substituting small elements such as Al3+ V 5+, Ge4+, and Mn4+ into
Ti-site of SrTiO3. As a result, the ferro-distortive phase was probably removed in
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agreement with tolerance factor rule; however, the obtained structure was cubic
Pm-3m,

which

does

not

demonstrate

ferroelectricity

for

any

of

the

SrTi0.9M0.1O3 substitutions. In conclusion, this study was not conclusive in that it
did not obtain ferroelectricity because the tension exerted on Ti-O bond was not
sufficient to do so although presence of the ferroelectric tetragonal phase is not
excluded at lower temperatures.
Future research will focus more on the changes of the transition temperatures
of the tetragonal to orthorhombic and orthorhombic to rhombohedral in both Ge and
Mn substitutions into BaTiO3. In addition, it may concentrate on investigating
substitutions into SrTiO3 in which the tolerance factor is greater than 1 at 0 K to
observe ferroelectrcity.
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